The influence of modification by hydroxyapatite (HA) nano-and microparticles on tribotechnical properties of ultrahighmolecular-weight polyethylene (UHMWPE) was investigated to develop polymer implants for endoprosthesis. It was shown that modification of UHMWPE by hydroxyapatite nanoparticles within range of 0.1-0.5 wt.% results in increase of wear resistance at dry sliding by 3 times. On the other hand adding of 20 wt.% of micron size HA gives rise to the same effect. The effect of increasing wear resistance is not substantially changed at surface treatment of the nano-and microcomposites by N + ion beams as compared with nonirradiated blends. Preliminary joint mechanical activation of UHMWPE powder and fillers results in more uniform distribution of nanofillers in the matrix and, as a result, formation of more ordered structure. Structure within bulk material and surface layers was studied by means of optical profilometry, scanning electron microscopy, infrared spectroscopy, and differential scanning calorimetry. It is shown that adding of hydroxyapatite nanoparticles and high-energy surface treatment of the composite by N + ion implantation improve tribotechnical properties of UHMWPE due to formation of chemical bonds in the composite (crosslinking) and ordering of permolecular structure.
Introduction
Since having relatively high strength characteristics, low friction factor, high wear and chemical resistance in corrosive media ultrahigh-molecular-weight polyethylene (UHMWPE) is used for the manufacturing of implants (artificial joints, face surgery, etc.). The reason for its wide use as a material for implants is related to its similarity to biotissues on chemical nature and physical-mechanical properties [1] [2] [3] [4] . UHMWPE-based nanocomposites with biocompatible fillers are currently not well-studied objects in the modern medical materials science [5] [6] [7] [8] [9] . The variety of biocompatible filler is extremely limited. In [10] which is to date the most comprehensive handbook on manufacturing and operation of UHMWPE in medical practice, the focus is done on the improvement tribotechnical properties of this polymer by means of ion implantation that is generally combined with the procedure of sterilization. However, reinforcement of polymeric materials for medical applications is mostly limited by using HA particles. In doing so the optimum weight fraction is still a matter of systematic investigations. Hydroxyapatite (HA or calcium hydroxyl phosphate ) (C 10 (PO 4 ) 6 (OH) 2 ) belongs to the class of biologically active materials with properties of high surface activity, high biocompatibility which are similar to the bone matrix structure providing reliable fixation of implants.
From the point of view of HA use as a prospective filler for bioimplants it should be noted that presence of micronsize HA particles during interaction of the filled polymer with articular fluid will be accompanied by their gradual 2 Journal of Nanotechnology resorption and formation of micron-size pore skeleton which is adversely affecting the strength and wear resistance. Adding of the nanosize hydroxyapatite particles will provide formation of porous nanoskeleton that should not reduce the strength properties and will be accompanied by the accumulation of synovial liquid within the pores. The liquid will be partly allocated at the interface of plastic cup and metal (CoNiCr) head hip prostheses, to reduce the intensity of polymer wear by several times [1, 2] . Certain prospects at obtaining materials for manufacturing implants with high mechanical and tribotechnical properties might be found in the area of combined use of biocompatible fillers and high energy electron beam treatment of composites. However, studies of UHMWPEbased composites to be performed at combined use of various methods for treatment of polymer composites for medical applications at present are hardly to be found in the literature.
In this work physical-mechanical and tribotechnical characteristics of UHMWPE-based composites with biocompatible nano-and microfillers based on hydroxyapatite were studied. Comparative analysis of wear resistance of nano-and microcomposites as well as influence of highenergy treatment (ion implantation) of the above-mentioned composites on their wear resistance was carried out.
Experimental
In the paper the powder of UHMWPE (GUR-2122 by Ticona) with molecular weight of 4.0 million and its composites with various weight fraction of HA (C 10 (PO 4 ) 6 (OH) 2 ) nano-and microparticles were used. The size of nanoparticles obtained by mechanosynthesis made 20-30 nm while microparticles obtained by grinding animal bones made 7-8 μm. Specimens of polymer composites were obtained by hot pressing at specific pressure of 10 MPa, temperature of 190
• C and cooling rate of 3-4
• C/min. Industrial type planetary ball mill MR/0.5 * 4 [11] was employed for powder mechanical activation as well as mixing of UHMWPE polymeric binder and fillers.
Ion implantation by N + ions was carried out using "DIANA-2" setup (fluence of 0. Wear track surfaces were investigated with the use of optical profilometer Zygo New View 6200. Wear track area was estimated with the help of "Rhino Ceros 3.0" software by manual allocation of wear track contour and subsequent automated calculation. Measurements of degree of crystallinity were performed by the help of SDT Analyzer Q600. Infrared spectra were registered by FTIR spectrometer NIKOLET 5700. Structure investigations were performed using scanning electron microscope LEO EVO 50 at acceleration voltage of 20 kV on surface of fractured specimens failing just after extracting them from liquid nitrogen.
Results and Discussion
The data to summarize results of measuring mechanical properties of UHMWPE-based composites with microand nanofillers are presented in Table 1 . The data show that ultimate strength is decreased when polymer is filled by either nano-or microfillers, but it does not depend on volume fraction of the fillers. In doing so, elongation at tension is increased as filler weight fraction is enlarged while this also weakly depends on nanofillers weight fraction. It can be seen that 0.5 wt.% of HA to be added into nanocomposite is enough to reach the optimum (maximum) values of strength and ductility. Mechanical properties of the composites are decreased sharply when the HA (micro) weight fraction exceeds 20 wt.%.
In terms of tribotechnical characteristics the influence of variation weight fraction of the hydroxyapatite filler possesses different trend. Curves of kinetic wear for all tested composites are presented in Figure 1 , while wear intensity (I, mm 2 /min) diagram of the composites under study to be measured at steady-state wearing stage is depicted in Figure 2 . One can see that wear resistance of UHMWPE with the volume fraction of nanoparticles of 0.1-0.5 wt.% is increased by 3.5 times. Wear resistance of the specimens is decreased (columns 4, 5) when the weight fraction of nanoparticles is increased up to 1-2 wt.%. In doing so, wear resistance of nanocomposites with HA volume fraction of 0.1-0.5 wt.% is approximately equal to one of composites with 20 wt.% of HA micron size filler (columns 2, 8).
Dependence of wear track surface roughness (Ra, μm) as a function of the filler (nano-and micro-) weight fraction in the composites is the same (Figure 3) . Therefore, further analysis on the influence of high energy treatment (N + ion implantation) was carried out for the nanocomposites UHMWPE +0.5 wt.% HA and microcomposites UHMWPE +20 wt.% HA. Analysis of wear intensity of composites implanted by N + ions has shown that, firstly, the optimum fluence made 1·10 17 ion/cm 2 both for the nonfilled polymer (Figure 4 , columns 1-4) and for the composites (Figure 4 , columns 5-8, and 9-12). Secondly, for the unfilled UHMWPE specimens wear resistance at ion implantation is increased by three times, whereas for composites (nano and micro) only by 10-30 %. Thirdly, wear resistance of implanted microcomposites (UHMPE +20 wt.% HA) is slightly higher than that in nanocomposites (columns 7 and 11). Roughness of wear track surface of the implanted UHMPE specimens and composites on its basis is presented in Figure 5 . Comparative analysis of permolecular structure to result from filling polymer by various sizes hydroxyapatite particles and subsequent high energy N + ion beam treatment of different doses was made to clarify the mechanism of improving wear resistance of UHMWPE-based nano-and microcomposites. The results of measurement of crystallinity degree of pure UHMWPE and composites on its basis (raw 2) and implanted ones with fluence of 1-10 17 ion/cm 2 (raw 3), obtained by the method of differential scanning calorimetry (DSC), are presented in Table 2 .
As becomes clear from Table 2 , the filling of the polymer by HA nano-and microparticles results in decrease of composite crystallinity. The latter in the surface layer (raw 3) is increased due to the N + ions surface treatment of the UHMWPE specimens and the composites. Permolecular structure of the pure UHMWPE is spherulitic one (Figure 6(a) ). Filling of polymer by HA nanoparticles does not alter the nature of the permolecular structure ( Figure 6(b) ). At the same time microfillers suppress the formation of spherulitic permolecular structure (Figures 6(c) and 6(d) ).
The ion treatment of UHMWPE specimen surface and its composites causes structure change in the surface layer (Figure 7) . The depth of the modified surface layer with lamellar permolecular structure in the nanocomposite UHMWPE +0.5 wt.% HA is less than that in the implanted UHMWPE and makes 500-800 μm. In our view, nanofiller shields the rearrangement of macromolecules under the high-energy effect. As a result the permolecular structure in deeper layers becomes amorphous (jelly-like) (Figures 7(a) and 7(b) ). Structurally modified layer in the microcomposites UHMPE +20 wt.% is extremely thin, and crystallinity (structural order) also slightly increases (Table 2) .
IR-spectra of bulk material and surface layers of the polymer specimens were studied before and after the implantation for more detailed analysis of structural changes to take place in the UHMWPE specimens and (nano-and micro-) composites on its basis. IR-spectra for pure UHMWPE and its composites UHMWPE +0.5 wt.% HA (nano) and UHMWPE +20 wt.% HA (micro) are given in Figure 8 for the sake of comparison. One can see that the intensities of carbonyl group peaks 1700, 1620, 1040, and 1240 cm −1 relevant to C=O, C=C and C-O-C, C-C-O bonds [4] are increased in the spectrum of filled specimens. In doing so, nanofiller tends to be more active ( Figure 8, curve 2 ). In the regions 2250, 3200, 3300, 3500 cm −1 there occur bonds of the C=N, N-H, O-H type which are missing in the spectra of the nanocomposite (Figure 8, curve 3) . Surface treatment of the nanocomposites by N + ions does not change the general pattern of the spectrum (Figure 9 ). The intensity of the above-mentioned bonds in the surface layer of the specimen treated by ion beam becomes lower. The same pattern is observed in the surface layer of microcomposites treated by ion beam. In doing so, the crystallinity in the surface layer of implanted nano-and microcomposites increases in comparison with one in untreated specimens (Table 2) , which is related to increased wear resistance of UHMWPE and UHMWPE-based composites due to the implantation of N + ions (Figure 4 ). It should be noted that the treatment of the pure UHMWPE by ion beam is more efficient than implantation of UHMWPE-based composites. Nano-and micro-HAs hinder macromolecules rearrangement in a surface layer caused by high energy effect. Therefore, as a result of the ion implantation, the depth of the modified surface layer is highest in pure UHMWPE. As for the nanocomposites it is decreased, while for the microcomposites it has minimum thickness.
The comparative analysis of two methods of highenergy treatment of UHMWPE surface and nanocomposites based on its basis (ion implantation and electron beam treatment) has been performed. Influence of electron beam on wear resistance of UHMWPE and nanocomposites on its basis has been previously described in [4] . Analysis of tribotechnical characteristics and structural changes in a bulk material and surface layers after high-energy treatments showed that wear resistance of UHMWPE after electron beam treatment at steady-state stage of wear is equivalent the wear resistance of ion-implanted UHMWPE with the dose of 1·10 17 ion/cm 2 (N + ). This is due to an identity of permolecular (lamellar) structure being formed in the surface layer of polymer under the high-energy effect.
As was shown by analysis made in this paper as well as in [4] the permolecular structure formed is similar to one in UHMWPE after mechanical activation [11] . As a result, wear resistance of UHMWPE after electron-beam treatment and ion implantation at steady-state wearing stage is similar to one of the polymer after mechanical activation. So, the electron-beam surface treatment of UHMWPE and mechanical activation can be used as equivalent ways to increase wear resistance of polymer.
In contrast with our previous data the characteristic feature of HA as a filler for UHMWPE is its chemical and surface activity that gives rise to chemical bonding with the polymer [12] . HA microfiller demonstrates these properties to a less extent (Figure 8) . Therefore, the effectiveness of the electron-beam surface treatment of the UHMWPE-based composites (with nano-and micro-HA) to increase wear resistance is low being compared with one of the pure UHMWPE [13, 14] . Hardening due to formation of chemical bonds (crosslinking) is realized by adding HA nanofillers. Electron-beam surface treatment of the UHMWPE-based composites gives only to slight additional crosslinking of molecules providing complimentary sterilization of specimens (items for medical use).
On the other hand, HA nanofillers "oscillating" in a destructurized surface layer of composite and synovial fluid of a joint eventually create a porous nanoframework filled by synovial fluid [1] . Composite with a weight fraction of 20 wt.% HA microfiller are capable of similar wear resistance, but it will bring to the gradual resorption and formation of micron-sized pores framework which will adversely affect the strength and wear resistance. Since HA fillers partially shield rearrangement of a structure, crosslinking of macromolecules (their ordered packing) which is the main mechanism for improving its wear resistance [15] , the highenergy surface treatment of nanocomposites can be used in combination with nanofilling as well as a method of sterilization.
Conclusion
(i) Nanofilling of UHMWPE by 0.1-0.5 wt.% HA increases its wear resistance in 3.5 times compared to the pure polymer. Adding of 20 wt.% HA micron size particles provides the similar wear resistance.
(ii) High-energy treatment by N + ion beam brings structural rearrangement and crosslinking of macromolecules in the polymer surface layers resulting in increase of its wear resistance. HA fillers "shield" structural rearrangement in the surface layers and only slightly increase the wear resistance of composites.
(iii) Wear resistance of ion-implanted UHMWPE and composites on its basis is comparable with the one after the electron-beam treatment that caused the identity of permolecular structure modification of surface layers under the high-energy effect.
(iv) The high-energy treatment of UHMWPE-based composites can be used in combination with filling by HA nanoparticles of as a method of sterilization of products for medical applications (orthopaedic implants).
